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1. The protective action of the renal medulla was studied in one-kidney renal-clip hypertension in rats with unilateral hereditary hydronephrosis and almost complete atrophy of the medulla of the affected kidney.
2. Rats were unilaterally nephrectomized. The first group had a normal kidney remaining, and the animals from the second and third groups were left with a hydronephrotic kidney and received renomedullary and renocortical autotransplants respectively. Two weeks later all rats were made hypertensive by placing a silver clip (0-2 mm) on the renal artery.
3. From the fourth day after clipping until the end of the experiment blood pressure was found to be significantly (P < 0-01) lower in rats with medullary transplants than in the other groups. No differences in renal excretory function, plasma volume and plasma renin activity were found be tween the groups either before or during develop ment of hypertension (5 and 21 days after clipping). Early in the course of hypertension (5 days) cardiac output was significantly (P < 0-05) lower in the rats with medullary transplants than in the other groups, although an increase in plasma volume was noted in all three groups. At that time no difference in total peripheral resistance was found between the groups.
Introduction
The renal medulla exhibits an endocrine-like anti hypertensive function (Muirhead, 1974) , which is most pronounced when hypertension is primarily dependent on excess of sodium and/or volume (Muirhead, 1974; Muirhead, Brown, Germain & Leach, 1970; Muirhead, Brooks, Pitcock & Stephenson, 1972a; Muirhead, Brooks, Pitcock, Stephenson & Brosius, 1972b; Susie, Sparks & Machado, 1976a; Susie, Sparks & Machado, 1976b) . This renomedullary antihypertensive ac tion is not yet understood, although several substances with blood pressure-reducing proper ties, isolated from the kidney medulla, have been implicated (Lee, 1972; Muirhead, Leach, Byers, Brooks, Daniels & Hinman, 1971) . Recent evidence suggests that these substances exert their effect by preventing a hypertensive haemodynamic response to sodium/volume overload (Muirhead et al., 1970; Muirhead et al., 1972b; Muirhead, Brooks & Brosius, 1973a; Susie et al., 1976a) . 361 D. Susie, J. C. Sparks, E.A. Machado andD. Kentera Thus in rabbits with renoprival (Muirhead et al., 1972a; Muirhead et al., 1973a) and in rats with 'salt' (Susie et at., 1976a) and one-kidney Goldblatt hypertension (Muirhead et ah, 1970) renomedullary transplants prevented or abolished the rise in blood pressure, although an increase in plasma and extracellular fluid volume occurred in all animals.
Our main purpose was to examine the effects of renomedullary transplants on the haemodynamic events during the development of one-kidney renalclip hypertension in rats. In addition, since it is known that renomedullary prostaglandins may affect both renal function (McGiff, Crowshaw & Itskovitz, 1974) and the renin-angiotensin system (Kotchen & Miller, 1974) , measurements of several indices of renal excretory function and of plasma renin activity were also made.
Materials and methods
We studied male Memorial Research Center/ Hydronephrosis (MRC/H) rats (Lozzio, Chernoff, Machado & Lozzio) , 2-2-5 months old, with unilateral hydronephrosis, except for measurements of plasma renin activity, which were made in female rats of the same strain. A total of 480 rats was used. The animals were fed on a standard diet (Purina Lab Chow) and given tap water ad libitum. Diagnosis of kidney disease was made by intravenous pyelography (Lozzio et ai, 1967) and was verified at autopsy. Only those animals which exhibited unilateral 'moderate' hydronephrosis (Machado & Lozzio, 1972) , characterized by a dilated renal pelvis containing 1-2 ml of urine, almost total destruction of the medulla and moderate damage to the cortex, were used.
The rats were divided into three groups (160 rats per group) and unilaterally nephrectomized. Animals in the first, control, group (1) had the normal kidney remaining and received no trans plants. Rats in group 2 were left with the hydronephrotic kidney and were given subperitoneal autotransplants of the medulla obtained from the removed, normal kidney (Susie et al., 1976b) . Animals in group 3 had the hydronephrotic kidney remaining and received subperitoneal renocortical autotransplants. Two weeks after surgery, initial measurements of all relevant variables were made in a number of randomly selected animals from each group and, after the basal measurements were completed, all rats were rendered hypertensive by placing a silver clip (0-2 mm) on the renal artery of the remaining kidney (Brooks, Brown & Muirhead, 1972) . After the induction of hypertension the same variables were examined at fixed time intervals.
Indirect determinations of systolic blood pres sure (tail-cuff) (Susie et al, 1976a) were made in unanaesthetized, pre-warmed rats. Hypertension was defined as blood pressure exceeding 149 mmHg (3 SD above the mean blood pressure of 598 animals of this strain, i.e. above 121-4 mmHg, SD 9-2).
Renal function was assessed by determinations of blood urea and creatinine concentrations, 24 h endogenous creatinine clearance (Susie, Sparks & Kentera, 1975) , sodium balance and urine output. Samples from the same animals were used for all measurements. For the determination of sodium balance animals were kept in metabolic cages; they were given a sodium-free diet (Nutritional Bio chemical Corp., Cleveland, Ohio, U.S.A.) to which exactly 12-5 mmol of Na/100 g was added, and were allowed distilled water ad libitum. Urine was collected for 24 h under mineral oil. Serum and urine sodium concentrations were determined by flame photometry. Plasma volume was determined with U1 l-labelled albumin (5 ^Ci per animal) (Sparks & Susie, 1975) .
For the determinations of plasma renin activity the animals were killed by a blow on the head, the renal pedicles were clamped, blood samples were drawn from the abdominal aorta into chilled centrifuge tubes containing disodium EDTA (1 g/1), and, after centrifugation, plasma was separated and stored at -20° C. Plasma renin activity was measured by a modification (Susie et al., 1975) of the radioimmunoassay procedure of Haber, Koerner, Page, Kliman & Purnode (1969) .
Cardiac output (g) was measured in six animals from each group under basal conditions and on day 5 and day 35 after renal artery clipping. A modification of Coleman's (1974) dye-dilution technique was used. Animals (300-400 g) were anaesthetized with pentobarbital (35 mg/kg) and a polyethylene tube (PE-90, Clay Adams) was placed in the carotid artery. The other end of the catheter was connected to the flow cell of a recording spectrophotometer (Gilford 3400). The total volume (including the flow cell) was about 0-6 ml. Before the determination of cardiac output the catheter was filled with sodium chloride solution (saline) and the rats were given 500 units of heparin intravenously. Indocyanine Green (Cardio-Green; Hynson, Westcott and Dunning, Baltimore, Md., U.S.A.), 25/xg dissolved in 2-5 μΐ of distilled water, was injected into the jugular vein with a micro-syringe (Hamilton), and the dye concentration in the arterial blood was monitored. The area under the dilution curve was determined by planimetry. During a single cardiac output determination the animals lost from 2-5 to 3-5 ml of blood (about 10% of the total blood volume). Calibration of the spectrophotometer was made with blood samples containing 0 and 5 ßg of dye/ml.
In eight randomly selected rats the withdrawn blood was infused immediately after the first deter mination of cardiac output, and the animals were allowed 15 min to re-establish steady-state con ditions. The determination was then repeated. The correlation coefficient (r = 0-946, P < 0-001) and linear regression (y = 0-912x + 5-98; i b = 7-13, P < 0-001) between the values of g obtained on the two occasions indicated good reproducibility.
Mean blood pressure was determined in all animals used for measurement of cardiac output. Before determination of cardiac output the arterial catheter was connected to a pressure transducer and the mean blood pressure registered on a direct writing recorder (Physiograph DMP-4A, NarcoBio Systems Inc., Houston, TX, U.S.A.). Total peripheral resistance was calculated in all animals in which cardiac output was determined, and was expressed in kPa 1~' s kg -1 body weight. After the desired measurements were completed the animals were killed, and the transplants removed and fixed in 10% formalin solution (pH 7·4). Specimens were embedded in Paraplast, cut into thin sections, and the sections were stained with haematoxylin and eosin and periodic acidSchiff reagent.
All animals included in the study met the following criteria: (a) histological evidence of successful transplantation, and (b) systolic blood pressure at the beginning of the study (2 weeks after nephrectomy and transplantation) below 140 mmHg. Fifty rats were excluded from the study, for the transplants could not be found either macroscopically or microscopically. Histological examination was done by one of us (E.A.M.), and he was not aware of the results on determination of blood pressure. Statistical comparisons were made with f-test (unpaired) and correlation coefficients (Snedecor & Cochran, 1967) . Results are ex pressed as mean values ± SEM.
Results
Particular care was taken that the animals in the three groups were closely matched as to age and weight. No significant difference in the body weight between the groups was observed in the course of the study.
The autotransplants of the renal medulla and cortex developed as small yellowish nodules (about 5 mm in diameter) in the subperitoneal tissue. Microscopic studies of the renomedullary trans plants showed a homogeneous histological pattern composed of connective tissue and a number of renal tubules undergoing degeneration. Many mesenchymal cells, different from fibroblasts or inflammatory cells, were also noted. In the cortical transplants, in addition to the connective tissue and renal tubules, remnants of glomeruli were often found.
The blood pressure (Fig. 1 ) increased up to day 20 after renal artery clipping in all groups and stabilized thereafter. From the fourth day after clipping the blood pressure was significantly (P < 0-01) lower in the rats with medullary transplants than in the other groups.
No difference in blood urea and creatinine concentrations, urine volumes, 24 h creatinine clearances, and sodium balance was found between the groups at any time (Table 1) .
No significant differences in plasma volume were observed between the groups at the beginning of the study (4-01 ± 0-12 ml/100 g; 3-88 ±0-11; 3-91 ± 0-11 in groups 1, 2 and 3 respectively). Five days after renal artery clipping a significant {P < 0-01) increase in plasma volume was observed in all three groups, but no differences between the groups were found (4-78 ± 0-20; 4-75 ± 0-18; 4-80 ± 0-18). Later (21 days) plasma volume returned to the control value in all groups (3-89 ± 0-12; 4-16 ±0-13; 4-12 ± 0-13 in groups 1, 2 and 3 respectively). Fig. 1 , but there were six animals per group per determination. Each point is the mean value + 1 SE. *P < 0-05; "P < 0-01.
All three groups showed a significant (P < 0·01), but transient, rise in plasma renin activity above the basal level on the second day after renal artery clipping. However, the plasma renin activity in all animals decreased to the control values by the fifth day, where it remained thereafter. At no time was there a difference in plasma renin activity between the groups (day 0: 0-44 ± 0-12 ng of AI ml/h, 0-36 ± 0-09, 0-38 ± 0-15 in groups 1, 2 and 3 respectively; day 2: 6-28 + 1-11, 5-39 ± 1-31, 5-06 ± 0-76; day 5: 0·42 ± 0-20, 0-36 ± 0·09, 0-53 ± 0-10; day 10: 0-46 ± 0-26, 0-29 ± 0-15, 0-40 + 0-20; day 21: 0-38 + 0-24, 0-67 ± 0-27, 0-49 ± 0-28).
The cardiac output ( Fig. 2 and Table 2 ) was not statistically different between the groups under basal conditions. On the fifth day after renal artery clipping cardiac output was significantly (Z 3 < 0-05) lower in the rats with medullary transplants than in the other two groups. The heart rate was similar in all three groups ( Table 2 ), so that the stroke volume was significantly (P < 0-05) lower in the second group. In the chronic phase of renal-clip hypertension (35 days) the cardiac output was similar in all groups.
The total peripheral resistance was not statistically different between the groups at the beginning of the study (Fig. 2) . A small rise in total peripheral resistance was observed in all groups on the fifth day after renal artery constriction, but no differences between the groups were found. Later TABLE 2. Mean blood pressure {BP), cardiac output (Q), heart rate and stroke volume during the development of one-kidney renal-clip hypertension All values are expressed as mean + 1 SE. Groups 1-3 were as identified in Table 1 . There were six animals per group per determination. *P < 005 when compared with the basal value for the same group; **P < 0-05 when compared with group 1 and group 3; ***/>< 005 when compared with the value for the same group obtained on day 5 after renal artery clipping.
Mean blood pressure ( the resistance increased in group 1 and group 3 but remained at the fifth day value in group 2, so that in the 'chronic' phase of renal clip hypertension, total peripheral resistance was found to be sig nificantly (P < 0-05) lower in the rats with medullary transplants than in the control rats or in the hydronephrotic animals with cortical trans plants.
Discussion
This study has shown that transplantation of reno medullary, but not of renocortical, tissue abolished the rise in blood pressure in hydronephrotic rats after hypertension had been induced by renal artery constriction and contralateral nephrectomy. It also confirms observations that medullary tissue exerts its antihypertensive action only if present outside of the clipped kidney, i.e. that renal artery clipping interferes with the antihypertensive function of the normal renal medulla (Susie et al., 1976b; Susie et al., 1976c) .
The observed antihypertensive action of the transplanted medullary tissue is in close agreement with similar studies in renal-clip (Muirhead et al., 1970; Muirhead et al, 1972a; Manthorpe, 1973; Susie et al., 1976b) , renoprival (Muirhead et al, 1972b; Muirhead et al, 1973) and 'salt' hyper tension (SuSic et al., 1976a) in rats and rabbits. Furthermore, the morphological features of the renomedullary transplants were the same as those shown to protect against hypertension (Muirhead et al., 1972a; Muirhead et al., 1972b; Susie et al., 1976a) .
The pattern of development of hypertension observed in our control group (normal kidney remaining) also agrees well with previous studies (Helmchen, Kneissler, Liard & Peters, 1972; Miller, Samuels, Haber & Barger, 1975; Ledingham & Cohen, 1964; Ledingham & Pelling, 1967; Ferrario, Page & McCubbin, 1970) . More over, the fact that no differences were noted be tween the control group and rats with cortical transplants, together with earlier findings that removal of cortical transplants had no effect on blood pressure in hypertensive rats (SuSic et al., 1976b) , indicates that transplanted cortical tissue exerted neither hypertensive nor antihypertensive action.
Our results also show that the antihypertensive effect of the renomedullary substance(s) is not due to changes of renal excretory function, activity of the renin-angiotensin system or fluid balance. Thus at no time after the induction of hypertension were there any differences in renal excretory function, plasma renin activity or plasma volume between the rats with medullary transplants and rats from the other two groups. Rather, the measurements show that in the 'early' phase of hypertension the reno medullary transplants limited the rise in blood pressure by preventing an increase in cardiac output in response to the elevated plasma volume. In that respect our results support the hypothesis (Muirhead et al., 1972b; Muirhead et al, 1973) that the renomedullary antihypertensive factor(s) prevents a hypertensive haemodynamic response to sodium/volume overload. However, later in the course of hypertension no differences in cardiac output were found among the groups but total peripheral resistance, and hence blood pressure, was significantly lower in the rats with medullary transplants than in the control animals or in the hydronephrotic rats with cortical transplants. It seems likely that this difference in total peripheral resistance was due to early haemodynamic events. Since cardiac output and blood pressure were significantly lower at the beginning of the study in the rats with medullary transplants than in the other two groups, no autoregulatory vaso constrictor response (Guyton, Coleman, Bower & Granger, 1970) and no structural changes in vascular walls (Folkow, Hallbäck, Lundgren, Sivertsson & Weiss, 1973) could have occurred in the animals from this group. Consequently, total peripheral resistance and, therefore, blood pressure remained significantly lower in these animals. It should be noted that our results do not exclude the possibility that the renomedullary antihypertensive substance(s) directly affect vascular resistance.
The mechanism by which renomedullary trans plants prevent the increase in cardiac output in 'early' hypertension is not clear. Significantly lower stroke volume was found in the rats with medullary transplants, which suggests that myocardial con tractility and/or venous return was affected. In this context, it has recently been reported (Lucas & Floyer, 1974; Neubig & Hoobler, 1975 ) that the substance of renal origin, which increases venous distensibility and/or interstitial space compliance, is necessary for the restoration of blood pressure to normal after removal of the renal artery clip from the solitary kidney.
Prostaglandins and antihypertensive neutral renomedullary lipids have been most often im plicated as mediators of the renomedullary anti hypertensive function (Lee, 1972; Simpson, 1974; Muirhead et al., 1971) . Of these the latter sub stances may be the more likely since the action of renomedullary prostaglandins seems to be confined to the kidney (McGiff et al., 1974) and since the renal medulla exerts its antihypertensive effect even after blockade of prostaglandin synthesis (Muirhead, Leach, Germain, Byers & Armstrong, 1973b; Susie et al., 1976a) .
In conclusion, our results support the hypothesis that the renal medulla produces antihypertensive substance(s) and, furthermore, indicate that the substance(s) prevents hypertension in animals subjected to a volume overload by abolishing the rise in cardiac output.
